INTERPRETATION Screening for language or cognitive development in young children with SCD predicts academic outcomes and stroke risk.
Neurocognitive effects in children with sickle cell disease (SCD) emerge between early childhood and middle childhood, but the continuity between concerns early in development and later outcomes is unclear.
1,2 SCD is a group of genetic blood disorders in which individuals produce Stype hemoglobin, affecting the shape, viscosity, and oxygen-carrying capacity of red blood cells and resulting in a range of morbidities (e.g. painful episodes, systemic inflammation and immune compromise, and vessel disease affecting the brain). 2, 3 The risk for cerebral infarction from overt stroke or silent cerebral infarction in higher-risk SCD genotypes is approximately 40% by the age of 14 years and risk for sleep-disordered breathing is at least 10% in childhood. 2, 4, 5 Lower-risk SCD genotypes are at an intermediate risk between higher-risk genotypes and peers without SCD. Elevated cerebral blood flow rates on transcranial Doppler (TCD) ultrasound examinations predict the risk of stroke in higher-risk genotypes, and the rate of overt strokes can be reduced by providing prophylactic chronic transfusion therapy. 6 Prevention strategies for other neurological morbidities in SCD are being developed, but would benefit from early identification of children at higher risk.
Developmental screenings or assessments in infants to 3-year-olds with SCD have typically indicated that socialenvironmental risk factors are associated concurrently with measures of developmental status. 1, 2 However, anemia severity, increased cerebral blood flow velocity, and frequency of severe pain episodes have inconsistently been associated with developmental measures. 1, 2, [7] [8] [9] [10] An association between developmental or cognitive status and concurrent academic and neurological concerns is more clearly evident in children of elementary school age. 2 The present work focused on the predictive validity of developmental screenings in SCD. Our hypothesis was that cognitive and developmental concerns identified during baseline screenings represent a risk for future psychosocial and neurological morbidity that has not been captured in previous cross-sectional studies of SCD, leading to an underappreciation of the importance of cognitive/developmental screening. 11, 12 We conducted a follow-up study of children receiving developmental screening as toddlers or in early elementary school. Our first aim was to assess whether developmental concerns for toddlers predicted subsequent academic outcomes. Our second aim was to evaluate whether developmental screening predicted academic outcomes differently for toddlers compared with older children. We hypothesized that testing in older children would show a stronger association with negative academic outcomes. Our third aim was to assess whether developmental screenings predicted stroke risk. Broader psychosocial outcomes and SCD medical morbidity were examined to assess the specificity of findings.
METHOD Participants
Participants were 90 of 104 families who participated in a developmental screening program between September 2004 and May 2008 at their sickle cell specialty clinic located in the southeastern USA (see Fig. S1 , online supporting information, for study overview). The program participants have been described elsewhere. 10, 13, 14 Positive versus negative screening results for the present study were based on two screening protocols for different ages. Both batteries used multiple measures with the decision rule for a positive screening designed to keep false positive results caused by chance at approximately 5% to 7%. 15 For toddlers 12 to 38 months in age (n=50), parents completed the communication and motor domains of the Vineland Adaptive Behavior Scales (survey form), and the expressive vocabulary section of the MacArthur-Bates Communicative Development Inventories. Direct child testing was also conducted with the Denver II Developmental Screening Test (Denver-II) using modified scoring to create continuous scores as described elsewhere. 10 For the screening program, positive language screenings were considered present if more than one language measure (Vineland communication, MacArthur expressive vocabulary, Denver-II language) was 1.5 standard deviations below the mean. Motor screenings were considered positive if more than one motor measure (Vineland motor, Denver-II fine motor, Denver-II gross motor) was 1.5 standard deviations below the mean. Before follow-up, 14 of 50 participants in the screening program had positive language screenings with this criterion; 16 of 50 participants had positive motor screenings. Overall language and motor skill levels were not related to concurrent SCD-related biomedical risk, but positive screenings on direct child testing were associated with more severe anemia and higher cerebral blood flow velocity on TCD examinations. 10, 13 For school-age children, 5-to 7-year-olds (n=54) were administered 12 tests to assess language, visual-motor skills, processing resources, and early academic skills. 14 Tests were from the Test of Language Development-Primary (n=6), the Beery-Buktenica Developmental Test of Visual-Motor Integration, the Hand Movements test of the Kaufman Assessment Battery for Children, and selected tests of processing speed, short-term memory, and academic skills from the Woodcock-Johnson Tests of Cognitive Abilities and Academic Achievement (3rd edition; n=4). Data from demographically matched comparison children were used to identify seven tests that discriminated well between groups. A screening rule was that children with two or more tests with a quotient more than 1.5 standard deviations below the mean showed the best sensitivity and specificity for high-risk status in a previous study.
14 Before follow-up, 11 of 54 children in the screening program had positive screenings for cognitive functioning. All parents received feedback about their child's screening results, and referral sources for follow-up services were provided if concerns were present.
Follow-up measures
To assess primary academic outcomes, we used parentreported school problems caused by attention or learning difficulties, grade repetitions, and current academic performance. Secondary psychosocial outcomes were parentreported age at onset of school problems, current physical and psychosocial health-related quality of life, and school attendance. We coded medical record data for history of positive TCD examinations or overt stroke to assess stroke risk.
Parent questionnaires
School adjustment problems. Parents answered the question 'Has your child had any problems in school, for example, problems with an academic subject, or emotional, behavioral, or social difficulties?'. If parents answered 'yes', they were asked to describe the problem with key words provided for eight major categories of interest (i.e. academic performance, attendance problems, attention problems, behavioral concerns, emotional concerns, motor skills deficit, social/peer problems, or speech/articulation concerns). Parents also provided the grade in which the problem started. For each parent-reported school problem, the description was coded for whether or not the problem related to any of the eight categories (see above) by two coders blinded to screening outcome. The codes were then reduced to two groupings: any school problem that included 'academic performance or attention problems' versus 'all other school concerns'. Parents were also asked whether their child was ever retained in a grade at school. If the parent responded 'yes', they were asked which grade (s) were repeated. Current functioning. Current psychosocial functioning was assessed using the social competence scale of the Child Behavior Checklist, the generic core scales of the Pediatric Quality of Life Inventory (4th edition), and parentreported school attendance. The Child Behavior Checklist social competence scale assesses academic performance through parent ratings of their child's performance in four subjects (reading, social studies, mathematics, science). Ratings are averaged across a 0-to 3-point scale (failing,
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below average, average, above average). This scale is sensitive to academic difficulties related to neurocognitive deficits. [16] [17] [18] The Child Behavior Checklist social competence scale assesses social functioning by asking parents to rate how well the child gets along with adults, peers, and siblings; ratings are on a 0-to 2-point scale (less well than other children, similar to other children, better than other children) and averaged to create a summary score. The Pediatric Quality of Life Inventory is a 23-item measure of generic health-related quality of life that contains items assessing problems in physical functioning (n=8) and psychosocial functioning (n=15). The parent proxy report is sensitive to quality of life effects from neurocognitive morbidity. 19 Parents also indicated how many days of school their child typically missed per year. Formal services received. Parents were asked about previous services received for the child within or outside school, with descriptions of the services to aid in categorization. Medical records were reviewed for additional documentation of the types of service provided to clarify ambiguous responses. All services for attention concerns or attentiondeficit-hyperactivity disorder were coded under developmental services.
Medical record review
A structured coding sheet was used to assess medical morbidity and as a reliability check for parent reports. We used two coders blinded to screening outcomes and parent responses. Stroke risk was assessed by the outcomes of TCD examinations and incidents of overt stroke. TCD examinations were completed at least every 2 years or more frequently over the follow-up period by all patients with higher-risk genotypes, with most receiving these annually. Outcomes of TCD examinations were based on the Stroke Prevention Trial in Sickle Cell Anemia (STOP) protocol method, which confirms an abnormal TCD screening with a second TCD before the test is positive. Occasionally, magnetic resonance angiography was collected before the second TCD examination, and chronic transfusion therapy to prevent stroke was started on the basis of angiography results showing vessel occlusion. These cases were also treated as abnormal TCD examinations (j for abnormal TCD between medical record coders=1.0). Occurrences of an overt stroke were recorded (j between coders=1.0). We also coded first-time initiations of hydroxycarbamide (hydroxyurea) therapy (j between coders=0.95), the number of inpatient hospital admissions for SCD morbidity (j between coders=0.93), and the number of transfusions for acute complications (j between coders=0.91).
Details in medical records regarding school difficulties and the focus of academic and other interventions were recorded. The presence or absence of school difficulties was coded according to the eight categories described above. The reliability of parent responses was examined by comparing responses to data coded from medical records.
The reliability across sources was j=0.96 for overall school problems, j=0.90 for type of school problem, and j=0.98 for grade repetition.
Procedures
Consent was obtained from participants as approved by the appropriate institutional review board. Addresses of former participants listed in medical records and appointments for sickle cell care were identified. Mailings were sent to all former participants inviting them to participate in a follow-up study with return envelopes and contact information for the study. Return-to-sender mailings and the absence of sickle cell care appointments in the previous 3 years indicated 14 former participants were lost to follow-up. The remaining 90 participants either responded to the mailing or had appointments for sickle cell specialty care during the subsequent 12 months. Parents who responded to the mailing (n=18) were offered to complete the survey either by mail or at a forthcoming appointment for sickle cell care. Seven of the 18 respondents completed consent by mail or telephone and the survey by mail. The remaining participants completed the follow-up study at routine maintenance visits for sickle cell health. All 83 of these parents consented. Follow-up was delayed for children in the third grade (n=8) until the end of the school year to provide a minimum of 4 years in formal schooling for outcomes. Medical record reviews were completed after parent questionnaires.
Statistical analyses
The first aim was assessed by rates of academic/attention problems, the rate of grade repetitions, and current academic performance comparing children with positive versus negative screening results separately for toddler language and motor screenings. Fisher's exact test was used to evaluate whether the proportion of academic/attentional problems and grade repetitions differed between groups. A between-subjects t-test was used to evaluate current academic performance scores. The same analytical methods described above were run to describe other psychosocial outcomes and services received depending on whether the variable was categorical or continuous.
For the second aim, we compared effect sizes for the primary outcomes from aim 1 for toddler language screenings with cognitive screening results for school-age children. Toddler outcomes were more strongly related to language screening results; therefore, using language screening effect sizes was a more stringent test of the hypothesis. We conducted the same analyses as for aim 1 (see above) to evaluate outcomes and effect sizes for the school-age children. Direct testing of interaction effects between younger and older groups was problematic owing to the small sample size violating assumptions of methods such as log-linear analysis. We chose to examine effect size differences for the two groups with a minimum of d=0.41 as the threshold for a potentially meaningful effect size difference, as recommended elsewhere for social outcome measures based on literature reviews. 20 Although somewhat arbitrary, for social outcome measures, d<0.41 rarely maps onto practically/clinically significant group differences. 20 When d>0.41, differences may be practically/clinically significant.
For the third aim we examined the relationship between positive developmental screenings and conversion to elevated stroke risk on the basis of either an abnormal TCD examination or an overt stroke using Kaplan-Meier survival analyses. For comparison, we examined positive/negative developmental screening groups for differences in broader indicators of high medical morbidity. Specifically, we assessed for differences in the rate of initiating hydroxycarbamide therapy (using Kaplan-Meier survival analyses), hospitalizations per year (using a between-groups t-test), and transfusions for acute complications per year during the follow-up period (using a between-groups t-test). An a level of 0.05 (two-sided) was used for each of the analyses. We did not correct the a level for multiple comparisons to balance the risk of type I and type II errors (given the relatively small sample size and paucity of longitudinal outcome studies).
RESULTS
Follow-up participants are described in Table I The analyses for aim 1, which assessed whether developmental concerns for toddlers predicted academic outcomes, indicated toddlers with positive language screenings had lower current academic performance than those with negative language screenings (t 39 =2.36, p=0.023), but did not show statistically significant differences for academic/attentional problems at school (Fisher's exact p=0.064) or grade repetitions (Fisher's exact p=0.361) (see Table II ). Toddlers with positive motor screenings did not differ statistically from those with negative screenings on any of the outcomes. Other psychosocial outcomes indicated toddlers with language concerns had an earlier onset of school problems (t 22 =2.13, p=0.045) and lower quality of life ratings for both physical (t 39 =2.18, p=0.036) and psychosocial (t 39 =2.13, p=0.039) domains.
For aim 2 we needed to compare effect sizes for toddlers with those for school-age children. Table III shows the psychosocial outcome data for school-age children. All three primary measures of academic outcomes showed worse outcomes for children with positive cognitive screenings than children with negative screenings: academic/attention problems (Fisher exact p<0.001) grade For Aim 3 assessing prediction of stroke risk, survival analyses showed children with positive language/cognitive screenings were more likely to experience a stroke or a positive TCD exam over time than those with negative screenings (log rank test, p=0.026 for toddler group, p=0.003 for school-age group, p<0.001 for combined group; see Supplemental Figure 2 ). The 10-year probability of event-free survival for the negative developmental screening group was 15% (95% confidence interval 8%-26%) compared with 50% (95% confidence interval 29%-71%) for the positive developmental screening group. There were similar event-free survival percentages in younger and older groups. The log-rank test was not statistically significant for conversion to taking hydroxycarbamide to reduce SCD morbidity (p=0.153). There were no statistically significant differences for hospitalizations per year (t 39 =À0.35, p=0.727 for toddlers, t 47 =0.84, p=À0.405 for school-age children) or transfusions for acute complications per year (t 39 =0.06, p=0.949 for toddlers, t 47 =À0.72, p=0.478 for school-age children) (see Table IV ).
Exploratory analyses examined the predictive performance of individual screening measures. For language 26 Continuous variables were evaluated with independent samples t-tests. T values assuming equal variance (see Results) were converted to d values based on the formula presented by Borenstein et al. 27 All tests were two-sided. For variables involving grade level in school, problems in kindergarten were coded as 0, first grade as 1, etc. Negative effect sizes represent better outcomes for the group with a negative screening. PedsQL, Pediatric Quality of Life Inventory. screenings, a Denver-II language domain score more than a standard deviation below the mean was the only statistically significant predictor of the primary outcomes, correlating with current academic performance (r=À0.36, p=0.021) and stroke risk (r=0.31, p=0.049). For cognitive screenings, a Woodcock-Johnson Applied Problems standardized score more than one standard deviation below the mean was the best predictor of grade repetition (r=0.38, p=0.007). A Test of Language Development Grammatical Understanding standardized score more than one standard deviation below the mean was the best predictor of current academic performance (r=À0.43, p=0.002). Other outcomes were not predicted by any individual measure.
DISCUSSION
The present study examined whether developmental screenings identify children with SCD at higher risk for negative academic and cerebrovascular outcomes. Toddlers with positive language screenings had poorer academic performance and showed higher stroke risk over the follow-up period. Children with positive cognitive screenings in elementary school showed a broad range of negative academic outcomes and an elevated stroke risk. Language or cognitive concerns were also associated with an earlier onset of academic concerns and poorer psychosocial quality of life. The data support the idea that developmental screenings are predictive of risk for later academic and cerebrovascular outcomes.
Screening later in childhood may improve the prediction of academic outcomes, as indicated by larger effect sizes in the older group. However, the time difference between positive screenings in school-age children and the onset of school problems was often within the same grade level, indicating these were largely concurrent findings. The current data are consistent with other studies indicating cognitive testing in SCD is a strong predictor of academic problems. 21, 22 Study limitations and methodological factors to consider include the sample size, retrospective design, and our screening approach. The sample size at each screening age was relatively small, making replication of these findings important for generalizability. The statistically significant effects observed had large effect sizes and there were potentially meaningful effects that were not statistically significant. Also, the study involved retrospective use of screening data; a prospective design could allow for more precise tracking of outcomes. The assessment strategy used in our toddler screening program focused on multiple measures of language and motor function and integrated data across measures to offset limitations of individual measures (e.g. parent report or direct child testing). This approach is consistent with principles of early childhood assessment, 23 but published studies have emphasized the validity of individual measures. Our exploratory examination suggested individual measures may also be predictive of outcomes.
Interventions children receive because of elevated risk complicate long-term follow-up studies. Children with positive screenings in this study were referred for followup services as part of the screening program, which could have decreased the predictive power for psychosocial outcomes. Also, only one child in this study was on hydroxycarbamide therapy at the time of the developmental screening. Increased use of hydroxycarbamide in early childhood as a preventative treatment is more common now and may lessen the chance of poor neurocognitive outcomes. 24, 25 Future work should consider developmental screenings in SCD as an additional tool to identify children for preventative interventions.
SUPPORTING INFORMATION
The following additional material may be found online: Figure S1 : Overview of study processes comparing and contrasting toddler and school-age groups. Figure S2 : Survival curves for children with negative versus positive screening results for language or cognitive development. 
